Inbreeding depression is a key factor in the maintenance of separate sexes in plants through selection for the avoidance of self-fertilization. However, very little is known about the levels of inbreeding depression in dioecious species, obviously because it is difficult to self-fertilize males or females. We overcame this problem by clonally propagating males from lineages in a dioecious metapopulation of the European annual plant Mercurialis annua, feminizing some of them and crossing the feminized with the unfeminized clones. Using this method, we compared the fitness of selfed vs outcrossed progeny under field conditions in Spain, where this species grows naturally. Multiplicative inbreeding depression (based on seed germination, early and late survival, seed mass and pollen viability) ranged from À0.69 to 0.82, with a mean close to zero. We consider possible explanations for both the low mean and high variance in inbreeding depression in M. annua, and we discuss the implications of our results for the maintenance of dioecy over hermaphroditism.
Introduction
Inbreeding depression, the reduction in fitness of inbred progeny relative to their outbred half-sibs, has implications for several areas of evolutionary biology, including inbreeding avoidance (Lande and Schemske, 1985; Morgan, 2001) , the evolution and maintenance of sexual systems (Darwin, 1877; Charlesworth and Charlesworth, 1978) , the establishment of polyploids (Rausch and Morgan, 2005) and extinction rates of small populations (Lande, 1988; Frankham, 1995) . Inbreeding depression is considered to be the major force countering the evolution of self-fertilization in angiosperms (Darwin, 1876; Fisher, 1949; Lande and Schemske, 1985; Lloyd and Schoen, 1992; Charlesworth and Charlesworth, 1998) . In simple models, selfing should only be able to evolve in an outcrossing hermaphroditic population when inbreeding depression (d) is low; if d is high then the population is protected against the invasion of selfing variants (reviewed in Goodwillie et al., 2005) . Similarly, the successful invasion of partially selfing hermaphrodites into dioecious populations will depend on the magnitude of the product of the selfing rate, s, and d (Lloyd, 1975 (Lloyd, , 1976 Charlesworth and Charlesworth, 1978; Charlesworth and Charlesworth, 1981 ; see also Wolf and Takebayashi, 2004 and Discussion) .
Inbreeding depression is expected to vary with historic levels of outcrossing because inbreeding can lead to the purging of deleterious recessive alleles that cause inbreeding depression (Lande and Schemske, 1985; Charlesworth and Charlesworth, 1987; Goodwillie et al., 2005) . Some empirical evidence supports this expectation. For example, in plant species that entirely outcross, inbreeding depression is generally found to be high (mean d ¼ 0.53) compared with primarily selfing species (d ¼ 0.23; Husband and Schemske, 1996) . In some gynodioecious species, inbreeding depression is sufficiently high to explain the maintenance of females (Kohn and Biardi, 1995; Schultz and Ganders, 1996; Sakai et al., 1997; Thompson et al., 2004; Medrano et al., 2005 ; but see Ashman, 1992; Eckhart, 1992; Koelewijn and van Damme, 2005) . However, for dioecious plant species, which are obligate outcrossers, there are currently estimates of inbreeding depression only in two species, one showing high levels (Dorken et al., 2002) and the other showing low levels (Bram, 2002) . It is thus difficult to make generalizations about the level of inbreeding depression in dioecious species.
Here, we report the levels of inbreeding depression across a dioecious metapopulation of the plant Mercurialis annua, a wind-pollinated annual herb that is widespread in Europe. M. annua displays monoecy, dioecy and androdioecy (the coexistence of males with hermaphrodites) in different parts of its range (Durand, 1963; Durand and Durand, 1992; reviewed in Pannell et al., 2004 reviewed in Pannell et al., , 2008 , and the distribution of these sexual systems, as well as patterns of sex allocation within each system, is consistent with a metapopulation model (Durand, 1963; Pannell, 1997b, c; Obbard et al., 2006b; Eppley and Pannell, 2007b) . In this study, we sampled lineages from a dioecious metapopulation in Catalonia, Spain, using a novel procedure to create selfed progeny. This procedure involved the feminization of individuals cloned from males through the exogenous application of phytohormones, followed by the crossing of the feminized male with its unfeminized male clone (see Durand and Durand, 1991) . We created selfed and outcrossed progeny within the same lineages, and we replicated lineages among populations rather than within populations to increase the breadth of our study across the metapopulation. We planted selfed and outcrossed progeny into the field in Spain under natural conditions and calculated cumulative inbreeding depression for each lineage. We measured levels of inbreeding depression under natural field conditions with both intra-and inter-specific competition, including competition among inbred and outbred lines.
Materials and methods
Study populations M. annua (Euphorbiaceae) is a wind-pollinated annual herb that is common across western Europe and around the Mediterranean Basin. It shows a striking variation in its sexual system, a range of ploidy levels and an apparent metapopulation structure (Durand, 1963; Durand and Durand, 1992; Pannell, 1997b, c; Pannell et al., 2004 Pannell et al., , 2008 Obbard et al., 2006b; Eppley and Pannell, 2007b) . For this study, we sampled dioecious lineages from a metapopulation in Catalonia, Spain. To obtain lineages, we sampled populations between 1999 and 2001 from disturbed anthropogenic habitat, along roadsides within 110 km from one another and within 18 km of the coast. Seeds were collected from 20 populations (collection reference numbers are given in parentheses): (1) Avinyonet del Penedès (no. 0051a), (2) Barcelona (location 1) (no. 0001), (3) Barcelona (location 2) (no. 0048), (4) north of Sant Boi de Llobregat (no. 0047), (5) Viladecans (no. 0046), (6) Castelldefels (no. 0044), (7) Garraf (no. 0043), (8) east of Sitges (no. 0042), (9) Sitges (no. 0041), (10) Canyelles (no. 0035), (11) Vilafranca del Penedés (no. 0036), (12) Vilanova i la Geltru (no. 0033), (13) 
Experimental design
In May 2003, we sowed seeds from two maternal families from each population in pots in a glasshouse in Oxford. When plants were in the flowering stage, we chose a focal male from one of the two maternal families for each population; we outcrossed this focal plant to individuals from the other maternal family from the same population (as described below); we self-fertilized the focal plant; and we compared offspring fitness among crosses to assess inbreeding depression. Thus, our experimental design allowed one lineage per population (based on the focal male), with multiple populations sampled across the dioecious metapopulation.
To produce sufficient plant material to both selffertilize and outcross the focal male, we took cuttings from each focal plant to create three separately potted clonal ramets of each plant. Cuttings were dipped in rooting powder, with the active ingredient 1-naphthaleneacetic acid, to promote root formation. Self-fertilization of male plants is made possible by altering gender expression through the exogenous application of phytohormones (Durand and Durand, 1991) . Using hormone spray (0.2 g of 6-benzyl aminopurine into 19 l of water) applied twice a day, we feminized a subset of the focal ramets and of one male from an alternate maternal family for each population.
In August 2003, each focal plant was self-fertilized and outcrossed by placing the appropriate plant into a pollen-proof box under natural lighting conditions. For the self-fertilization treatment, two ramets of the focal plant were placed in the same box; one ramet was feminized and the other was not. For the outcrossing treatment, one non-feminized ramet of the focal plant (pollen donor) was placed in a box, with three feminized plants from the alternate maternal family from the same population and three female plants (which did not receive hormone) from the alternate maternal family from the same population. Thus, for both selfed and outcrossed treatments, pollen was produced by individuals that did not receive the hormone spray, and seeds were matured on all selfed individuals and on three plants per population of crossed individuals treated with hormone spray. One limitation of this design, which does not apply to inbreeding depression experiments with hermaphroditic species, is that selfed and outcrossed progenies are matured on different plants. We tested for, but found no significant effect of, maternal plant on the fitness of outcrossed vs selfed progeny (see analysis below).
In addition, seeds were produced by outcrossing on the three females per population that had not received hormone spray, allowing for a control of the hormone treatment among the outcrossed plants. A larger number of out-vs self-crosses were conducted to test the fitness effects of the hormone treatment adequately; however, difficulties in clonal propagation limited replication of the selfing treatment. The hormone treatment had no effect on the progeny fitness measures (see Supplementary information).
When placed in pollen-proof boxes, plants that had received a hormone spray earlier were watered with the hormone solution to maintain their feminization. We checked that the boxes prevented pollen contamination and that females did not self-fertilize by isolating four females and four feminized males in boxes on their own; none of these plants produced seeds. After 8 weeks, the plants were harvested, dried in a drying oven for 48 h and the seeds separated from the remaining plant tissue. Mortality in the greenhouse, caused primarily by pathogen damage, reduced the final number of populations for which we obtained sufficient numbers of both selfed and outcrossed seeds. However, mortality was not statistically associated with crossing type in boxes (N ¼ 108; w 2 ¼ 0.24; P ¼ 0.62), and plant mass, seed mass and seed number did not differ significantly between selfed and outcrossed feminized males for crosses in the boxes (N ¼ 35; d.f. ¼ 1; P ¼ 0.47, P ¼ 0.54 and P ¼ 0.21, respectively, using one-way analysis of variance), suggesting that crossing conditions were consistent, as intended. We obtained self-and cross-fertilized seeds from 13 of the original 20 populations; 68.5 ± 18.9 (s.e.) seeds were produced per plant for selfed crosses, and 102 ± 18.1 (s.e.) seeds were produced per plant for outcrossed crosses. Lineages from populations 3, 10, 13, 14, 16, 18 and 20 produced insufficient seed to be included in the final analyses.
Inbreeding depression measurements
In February 2004, 2287 seeds were planted in a greenhouse at the Centro de Investigaciones sobre Desertificació n near Valencia, Spain. Individual lineages and crosses were planted into separate trays. For one population (N ¼ 18 outcrossed seeds and 67 selfed seeds), no seeds of either crossing treatment germinated, and this lineage was dropped from the experiment. In March, the 467 seedlings that had germinated and survived were counted and transferred to the field. Seedlings were at the cotelydon stage, with no leaves emerged. The field site was a patch of abandoned land adjacent to the research centre in which a M. annua population occurred. The site was cleared of vegetation and tilled to mimic the natural conditions into which this ruderal species germinates. Seedlings were randomly assigned a location in the field and were planted into 12 rows. To ensure high intraspecific competition, seedlings were planted close together (1 cm apart) within rows, and the rows were separated from each other by 1 cm on one side and 15 cm on the other. These densities are similar to those observed in natural populations of M. annua. The plot was left unweeded for the duration of the experiment. We recorded the relative cover of other species in the plots at the time of harvest and found no difference in the interspecific cover experienced by outcrossed vs selfed plants in the experiment (N ¼ 466;
In late May, two flowers each were collected from a random subset of the male plants (N ¼ 268), and pollen from one anther per flower was preserved in lactophenol-aniline blue on a glass slide for pollen viability analysis (Kearns and Inouye, 1993) . This technique is likely to overestimate pollen viability because not all pollen grains that stain well are necessarily capable of germination (Stanley and Linskens, 1974) . We assessed the viability of 200 pollen grains per individual plant using a compound microscope. The surviving plants (N ¼ 466) were then harvested, dried and weighed. As a few plants were damaged during transport, we obtained the mass for 456 plants. Seeds were removed from female plants and weighed separately. Plant dry mass was recorded as the differences between the total mass of the plants including any seeds and the mass of any seeds removed from that plant.
Analysis
We used a logit model, following Christensen (1990) , to determine the effects of cross-type (a fixed effect) and lineage (a random effect) on whether a seed germinated and survived as a seedling (SAS Institute, 2004); we report results as likelihood ratio w 2 values. Maternal plant (from which the seeds were derived during crossing) was not significant in this or subsequent analyses and was not included in the final analyses. As survival was high in the field, a similar logit model could not be used to analyse the survival of plants in the field due to the violation of model assumptions. To determine how crosstype (a fixed effect), lineage (a random effect) and the interaction between cross-type and lineage influenced our remaining fitness measures, we used mixed-model analysis of variance. Plant mass was log transformed, residuals were normally distributed and variances were homogeneous. There was a significant effect of selfing vs outcrossing on progeny biomass; to examine differences between outcrossed and selfed progeny for each lineage, we used standard errors based on 10 000 bootstrap samples (S-Plus software; Insightful Corporation, 2007). As we found no effect of the hormone treatment (see Supplementary information), the outcrossed progeny produced on females and feminized males was included in all of these analyses. However, we also analysed data that excluded progeny produced on females (that is, including only selfed and outcrossed progeny of feminized males) and found negligible differences in our results (not shown).
We calculated the fitness of self-progeny relative to outcrossed progeny for each lineage. Multiplicative fitness for females was calculated for each lineage as the product of proportion germination and early survival, proportion survival and seed mass. Plant dry mass was not used in the calculations as it correlated with seed mass (R 2 ¼ 0.68; Po0.0001; N ¼ 149). Multiplicative fitness for male function was calculated for each lineage as the product of proportion germination and early survival, proportion survival, plant dry mass and proportion viable pollen. A combined multiplicative fitness for both sexual functions was calculated for each lineage by multiplying the germination rate, early survival, adult survival and the term S þ P, where S is given by half the seed mass, normalized with respect to seed mass in outcrossed progeny, and P is given by half the proportion viable pollen normalized with respect to proportion viable pollen in the outcrossed progeny. This combined function assumes a 1:1 sex ratio, as observed in wild dioecious M. annua populations.
When the fitness of outcrossed progeny exceeded that of selfed progeny, inbreeding depression was calculated as d ¼ 1Àw s /w o . When the fitness of selfed progeny was greater than that of outcrossed progeny, then inbreeding depression was calculated as d ¼ w o /w s À1 (Å gren and Schemske, 1993; Carr et al., 1997; Mutikainen and Delph, 1998) . The mean inbreeding depression for dioecious lineages was calculated from lineage means to weight each lineage equally (Johnston and Schoen, 1994) . T-tests were used to determine whether the multiplicative inbreeding depression means differed from zero.
Results

Early life history
The proportion of individuals that germinated and survived to be transplanted into the field was relatively low (Table 1) and depended on the combination of crossing treatment and lineage (the interaction between lineage and cross-type was significant; Table 2 ). Lineagelevel variation in germination and establishment was also reflected in the range of estimated inbreeding depression for this trait (À0.97 to 0.94; mean d ¼ 0.19 ± 0.16), and in the number of lineages with inbreeding depression both above and below zero, showing significant differences between selfed and outcrossed progeny (Figure 1) . Note that the majority of lineages (as represented by one lineage per population, according to the experimental design) showed an inbreeding depression exceeding zero.
Late life history
Survival of plants in the field was quite high (Table 1) , and inbreeding depression was low for this trait (À0.10 to 0.25; mean d ¼ 0.02 ± 0.03), with the majority of lineages showing an inbreeding depression close to zero (Figure 1) . The field conditions created extremely large differences in plant size, with many plants completely dwarfed by their neighbours.
Plant dry mass was significantly affected by cross-type (Tables 1 and 2) . Surprisingly, the dry mass of selffertilized progeny was greater than the dry mass of outcrossed progeny. Inbreeding depression for plant dry mass was primarily negative (ranging from À0.58 to 0.25; mean d ¼ À0.24 ± 0.07; Figure 2) , with 8 out of 10 lineages showing a negative inbreeding depression.
Pollen viability was fairly low overall, but did not differ significantly between cross-types (Tables 1 and 2 ). Variation in inbreeding depression ranged from À0.49 to 0.83 for pollen viability (mean d ¼ 0.10±0.13), with equal numbers of lineages showing negative and positive inbreeding depression (Figure 1 ). However, variation in the effect of the crossing treatment on seed mass was reflected in the large variance in inbreeding depression for seed mass, which ranged from À0.80 to 0.50 (mean d ¼ À0.15 ± 0.14; Figure 1 ).
Multiplicative inbreeding depression
For the 10 lineages for which we were able to calculate it, multiplicative inbreeding depression varied greatly (ranging from À0.69 to 0.82), and the mean multiplicative inbreeding depression value did not differ significantly from zero (t ¼ 0.17; P ¼ 0.87; mean d ¼ 0.03 ± 0.17; Figure 3a ). We also calculated multiplicative inbreeding depression for male and female function separately, and these values varied greatly among lineages (Figures 3b  and c) . However, the mean multiplicative inbreeding depression values for both male and female function were close to zero and did not differ significantly from zero (t ¼ 0.10; P ¼ 0.92; mean d ¼ 0.02 ± 0.19 for male function and t ¼ 0.21; P ¼ 0.84; mean d ¼ 0.04 ± 0.18 for female function). 
Abbreviation: ANOVA, analysis of variance. ANOVAs were used to determine the effect of cross-type, lineage and the interaction between these factors on multiple fitness measures. Statistically significant values are indicated in bold. *Po0.05; **Po0.01; ***Po0.001.
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Discussion
Low inbreeding depression in dioecious M. annua Populations that are typically outcrossing are expected to exhibit higher levels of inbreeding depression, on average, than populations that are typically selfing (Husband and Schemske, 1996) . As dioecious lineages of M. annua are obligately outcrossing, we anticipated that inbreeding depression would be substantial in all dioecious M. annua lineages. In contrast, we found that inbreeding depression was on average low in the dioecious lineages we sampled. A low inbreeding depression in outcrossing plant populations is uncommon but not unprecedented (Bram, 2002; AEgisdó ttir et al., 2007) . In fact, Amaranthus cannabinus (Amaranthaceae), a dioecious perennial, was found to have surprisingly low inbreeding depression, too (Bram, 2002) , similar to that found in the dioecious M. annua lineages studied here. Bram (2002) suggested that low inbreeding depression in A. cannabinus could have been due to the fact that only early life history traits were measured in this long-lived perennial, plants were not allowed to compete with one another and plants were not grown in the field. In contrast, we measured inbreeding depression in M. annua under field conditions, allowing for inter-and intra-specific competition, and we accounted for all life-history stages from germination through late survivorship and fertility. Why should inbreeding depression be so low in this dioecious M. annua metapopulation? One possible explanation is that range expansion has in fact led to recurrent bouts of biparental inbreeding in the past. It appears that the western European metapopulation of M. annua sampled here expanded its range from an eastern Mediterranean refugium after the Pleistocene (Obbard et al., 2006b) . As a result, western European populations possess much lower neutral genetic diversity and allelic richness than populations sampled further east (Obbard et al., 2006b) . Just as range expansion appears to have caused a reduction in both neutral (Obbard et al., 2006b) and additive genetic diversity for life-history traits , it seems plausible that it has led to the purging of deleterious genetic load, or indeed of the fixation of deleterious mutations so that outcrossed and inbred individuals no longer differ in their fitness (Kirkpatrick and Jarne, 2000; Whitlock, 2002) . Indeed, in a recent study of inbreeding depression in monoecious populations of M. annua, B Pujol and JR Pannell (unpublished manuscript) found that populations established by range expansion had lower inbreeding depression than those in the putative refugium. Whether the same process has affected inbreeding depression in dioecious populations of the species complex requires experimental testing. Our results were characterized not only by a low mean inbreeding depression in dioecious M. annua lineages, but also by a variation in inbreeding depression among lineages, particularly in proportion germination, early survival and seed mass (Table 2) . Although range expansion might be able to explain the low average inbreeding depression in M. annua, it is difficult to see how it could explain the large inter-lineage variation. The result is thus puzzling. One possibility is that variation in inbreeding depression among lineage may the result of strong variation in mutational load (Parker et al., 1995; Schultz and Willis, 1995; Fishman, 2001 ), for example, of variation among dioecious lineages in the number and type of deleterious recessives and/or overdominant loci that affect fitness. Random accumulation of deleterious mutation can cause a high variance in inbreeding depression without variation in selfing rates (Schultz and Willis, 1995) , and this may explain our data. However, it remains difficult to explain both the high variation and low mean in inbreeding depression in terms of a combination of the effects of range expansion and random variation in mutational load.
Another possibility is that the lineages we sampled varied in their levels of recent historical inbreeding. As our experimental design used one selfing replicate per population, it is not possible to determine whether the variance we observed between lineages is actually a measure of variation among lineages or populations in their recent history of inbreeding. M. annua is a ruderal species that exclusively inhabits high-disturbance environments (road banks, building sites and recently disturbed agricultural sites). Although dioecious M. annua populations are generally large (Eppley and Pannell, 2007b) , high-disturbance habitats may result in effective population sizes in some populations that are very much smaller (Husband and Barrett, 1992) . In particular, under this scenario, we might expect large differences in the inbreeding effective sizes of populations with different colonization histories. Even though dioecious lineages are obligate outcrossers, in the sense that they cannot self-fertilize, populations recently established by very few individuals will have a small effective size and a recent history of biparental inbreeding, because all individuals will be closely related, whereas biparental inbreeding may be less frequent in populations established by many genotypes, or by older populations that have experienced substantial immigration from other populations.
A surprisingly low inbreeding depression, often with a high variance, has been found for other ruderal outcrossing plant species (Cheptou et al., 2000; AEgisdó ttir et al., 2007; Mena-Ali et al., 2008) ; see Richards (2000) for a counter example. In the case of M. annua, metapopulation dynamics following range expansion may explain the extreme pattern of inbreeding depression we see among dioecious populations, as suggested above (B Pujol and JR Pannell, unpublished manuscript) . More information is needed about the putative (meta)population dynamics of dioecious M. annua populations, and further experiments with replicated lineages within populations would be valuable.
Implications for the maintenance of dioecy in M. annua Phylogenetic reconstruction of the genus Mercurialis, and particularly of the clade of annual species in which M. annua occurs, indicates that dioecy is ancestral and that monoecy and androdioecy are derived states (Obbard et al., 2006a) . There would thus appear to be no hard 
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constraint in preventing the breakdown of dioecy in the species under selection for hermaphroditism. The potential for the evolution of hermaphroditism in dioecious populations is even more apparent in the fact that males and females in these populations sometimes produce a few flowers of the opposite gender (Durand, 1963) , as is common in many dioecious plant species (Lloyd and Bawa, 1984; Korpelainen, 1998) . Under what conditions is our finding of low inbreeding depression in M. annua metapopulations consistent with the evolutionary maintenance of dioecy in M. annua in the face of such variation? Wolf and Takebayashi (2004) evaluated the conditions under which hermaphrodites could invade a dioecious population and ultimately replace the males, the females or both genders. They found that dioecious populations would be resistant to hermaphrodite invasion if inbreeding depression was high, unless female seed production was pollen limited. Recent observations and experiments on dioecious M. annua populations (E Hesse and JR Pannell, unpublished data) indicate that seed production can be pollen limited at low densities that would occur, for example, during the early generations following population colonization. Thus, even if inbreeding depression were high in M. annua, we might expect the evolution of hermaphroditism from dioecy if population densities were frequently low, as might be expected in a colonizing species (see Pannell, 1997a Pannell, , 2001 . Indeed, hermaphroditism tends to occur in M. annua in regions in which population densities are low, whereas populations in dioecious regions are larger and denser (Eppley and Pannell, 2007b) .
Of course, it appears from our results here that inbreeding depression in dioecious M. annua is not high. In the case of low inbreeding depression, Wolf and Takebayashi (2004) showed that dioecy should be more vulnerable to the invasion of hermaphrodites. In particular, they predicted that hermaphrodites could invade a dioecious population if
where s is the prior selfing rate (the proportion of ovules that hermaphrodites self-fertilize before any opportunities for outcrossing), o h and p h are the numbers of ovules and pollen grains produced by hermaphrodites relative to females and males, respectively, and is the level of inbreeding depression (modified from equation 7 in Wolf and Takebayashi, 2004 ). In the case in which there is a linear trade-off between resources invested in male vs female function (that is, the sex-allocation 'fitness set' is linear; Charnov et al., 1976; Charnov, 1982) , then o h þ p h ¼ 1. In this case, it is clear from Eq. (1) that hermaphrodites will invade a dioecious population as long as the prior selfing rate is greater than zero. It would thus appear that dioecious M. annua populations are potentially very vulnerable to the invasion of hermaphrodites, even in the absence of pollen limitation. It is likely that the sex-allocation fitness set is not linear in M. annua and that o h þ p h o1. Recent results from paternity estimates in M. annua indicate that pollen dispersed from a male inflorescence are over 60% more likely to sire outcrossed progeny than equivalent pollen dispersed from hermaphrodites (Eppley and Pannell, 2007a) . Males disperse their pollen from erect peduncles that are held above the plant, whereas hermaphrodites and females release their pollen from subsessile inflorescences in the leaf axils (Durand, 1963; Pannell, 1997c) . We might therefore expect that pollen grains dispersed from specialized peduncles have a better chance of reaching stigmas on other plants than those dispersed from the leaf axil (Eckhart, 1999) , which the recent study in M. annua confirms (Eppley and Pannell, 2007a) . The corollary of this is that hermaphrodites effectively disperse less pollen than they produce, compared with males, so that o p is smaller than a linear trade-off would predict. The male fitness set is thus probably accelerating rather than linear. We do not know the shape of the female fitness gain curve, but even if it were linear or slightly decelerating, the male fitness set is likely to be sufficient to explain the maintenance of dioecy in M. annua in populations in which seed set is not too pollen limited (see Charlesworth and Charlesworth, 1981; Seger and Eckhart, 1996) .
Our results here, and the reasoning above, suggest that dioecy is maintained in M. annua as a result of the benefits of sexual specialization, particularly by males, rather than by selection to avoid the costs of inbreeding depression. Although it is increasingly accepted that selection for sexual specialization has probably played an important role in the evolution and maintenance of dioecy in plants (reviewed in Charlesworth, 1999; Meagher, 2007) , the sexual specialization hypothesis has been rarely explicitly tested (Meagher, 2007) . By suggesting that inbreeding depression has probably been relatively unimportant in maintaining dioecy in M. annua, our study provides tangential support for the sexual specialization hypothesis. Further experimentation is necessary to estimate levels of inbreeding depression within dioecious populations of M. annua, both to determine whether the variance we documented occurs primarily among lineages or populations, as well as to compare the expression of inbreeding depression among the different sexual systems displayed by the species complex. Such studies are currently underway.
